Abstract: Fermentation characteristics of purified fiber differing in physico-chemical properties were investigated using an in vitro model. Fermentation characteristics and short-chain fatty acid (SCFA) profile differed (P < 0.001) among the fiber sources. Solubility and viscosity of fibers were correlated to in vitro fermentation kinetics, total gas production, and SCFA profile.
Dietary fiber is increasingly included in diets as prebiotics, for their potential health benefits, and is broken down by microbes in the large intestine, producing short-chain fatty acids (SCFAs) and gases (Jha and Berrocoso 2015) . Health benefits of dietary fiber (DF) are linked to their fermentation characteristics (Zijlstra et al. 2012) . However, type and chemical structure of DF, gut microflora population, pH of the lumen in the colon, and transit time in the gastrointestinal tract influence fermentation characteristics of DF and thereby SCFA production and profile in the large intestine (Jha and Berrocoso 2015) . Solubility and viscosity of purified fibers affect digesta passage rate, nutrient digestibility, net butyrate flux, and net portal appearance (NPA) of glucose, insulin, and glucagonlike peptide-1 (GLP-1) in pigs (Hooda 2010; Hooda et al. 2011) .
Isolated DF and fibers in the grain matrix affect the fermentation process and produce metabolites, both in vivo (Jha et al. 2010 ) and in vitro (Jha et al. 2011a) . Dietary fiber also stimulates the growth of selected enteric bacteria that might benefit the gut environment (Pieper et al. 2008) . However, the physiological effects of DF are related to their particular physico-chemical properties (Jha and Berrocoso 2015) . Purified DF may ferment differently than DF in the grain matrix in the large intestine. Limited information exists about the fermentation characteristics of purified fiber sources differing in their physico-chemical properties.
The hypotheses were that (1) the physico-chemical properties of fiber sources were associated with their in vitro fermentation characteristics and SCFA profile and (2) these properties and characteristics of fiber sources were associated with previously determined NPA of glucose, insulin, and GLP-1 in pigs. The primary objective was to determine in vitro fermentation characteristics and SCFA production of purified fibers varying in the physico-chemical properties. The secondary objective was to establish associations among physico-chemical properties of fiber, in vitro fermentation characteristics and SCFA production, and the NPA of glucose, insulin, and GLP-1 in pigs fed the identical fiber sources (Hooda 2010 ).
An in vitro porcine model was used to study the four fiber sources differing in their physico-chemical properties (Table 1) . Animal protocols to collect feces were approved by Animal Care and Use Committee for Livestock at the University of Alberta.
The four purified fiber sources differed in their fermentability and viscosity. The sources were cellulose (CEL; low fermentable, low viscous), carboxymethyl cellulose (CMC; low fermentable, high viscous), oat β-glucan 1 (LBG; high fermentable, low viscous), and oat β-glucan 2 (HBG; high fermentable, high viscous). These fiber sources were previously fed to pigs to study their effects on nutrient digestibility, intestinal passage rate, and absorption (Hooda et al. 2011 ) and NPA of glucose and hormones like GLP-1 and insulin (Hooda 2010) .
The rate of fermentation of fiber sources was assessed with an in vitro gas production technique (Jha et al. 2011a) . Briefly, 200 mg samples were incubated with buffer solution containing macro-and micro-minerals and a fecal inoculum from three growing pigs. An anaerobic environment was maintained from inoculum preparation until incubation by flushing with carbon dioxide (CO 2 ). Gas generated by fermentation and CO 2 released by buffering of SCFA produced during fermentation were measured periodically up to 72 h using a pressure transducer. Bottles were vented immediately after every measurement. Fermentation was stopped at 72 h of incubation by quenching the bottles in iced water. Subsequently, samples were collected from the bottles to measure SCFA. The study scheme was four samples × six replicates + six blanks (containing only inoculum) repeated over two runs (batches).
Total DF content, including soluble and insoluble, was analyzed gravimetrically (method 994.13; AOAC 2006), with minor modification for samples with high viscosity (CMC and HBG). In vitro viscosity of fiber sources was determined in a 0.5% solution using a rheometer (UDS 200; Paar Physica, Glenn, VA, USA) at a shear rate of 12.9 per second and a temperature of 20°C (Ghotra et al. 2009 ). Gas accumulation curves recorded during the 72 h of fermentation were modeled according to France et al. (1993) to determine total gas volume (mL g −1 dry matter), lag time before the fermentation starts (h), half time of total gas production (h), and fractional rate of degradation (h
−1
). In the postfermentation solution, concentrations of SCFA (i.e., acetate, propionate, butyrate, isobutyrate, valerate, isovalerate, and caproate) were determined using a gas chromatography (model 3400 Varian, Walnut Creek, CA, USA) with a method adapted by Jha et al. (2011a) . Branched-chain fatty acid (BCFA) content was calculated as the sum of the isobutyrate and isovalerate.
Fermentation metabolite production was analyzed using the MIXED procedure of SAS version 9.2 (SAS Institute Inc., Cary, NC, USA) with the substrate (fiber) as a fixed factor and batch as a random factor, using the following general linear model
where Y is the variable to be tested, α the mean, S i the effect of the substrate (i = 1 : : : 4), B j the effect of batch (j = 1, 2), and ε ij the error term. Means were separated using the Tukey method with a significance level of 0.05. Pearson's correlation calculations between variables were analyzed using the CORR procedure of SAS version 9.2 (SAS Institute Inc., Cary, NC, USA). A principal component (PC) analysis was performed using JMP software version 8.0.2 (SAS Institute Inc., Cary, NC, USA). The variables for PC analysis include fiber fermentation characteristics and SCFA profile, physicochemical properties of fiber, and NPA of glucose, insulin, and GLP-1 measured in pigs fed the same sources of fiber (Hooda 2010) . The loading plots of PC 1 and PC 2, the first two PC, were used to determine the relationship among the fermentation kinetics and SCFA production and profile, NPA of nutrients and hormones, and characteristics of fiber.
Fiber sources differed (P < 0.001) in fermentation kinetics variables and total gas production (data not shown). The LBG and HBG started to ferment sooner while CEL had the longest (P < 0.05) lag time and half time of total gas production but exceeded LBG and HBG in total gas production at the end of 72 h fermentation (Fig. 1) . Fractional rate of degradation was greatest (P < 0.05) for HBG, intermediate for LBG, and lowest for CEL.
Total SCFA concentration and profile (Table 2 ) differed among fiber sources. Similar to the total gas production, CEL produced most (P < 0.05) total SCFA while CMC had the least; LBG and HBG ranked second and third, respectively. The profile of individual SCFA differed (P < 0.001) among substrates. In contrast to total SCFA, LBG had the greatest (P < 0.05) BCFA, followed by HBG and without OatVantage™ oat bran concentrate (GTC Nutrition, Golden, CO, USA); 100 g contains 54 g of β-glucan.
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BCFA for CMC and CEL. Butyrate was greatest (P < 0.05) for LBG, lowest for CMC, and intermediate for CEL and HBG. Finally, acetate was greatest (P < 0.05) for CEL, lowest for CMC, and intermediate for LBG and HBG.
Soluble fiber and fractional rate of degradation were correlated positively (r = 0.96, P < 0.001). Viscosity of fiber and total SCFA were correlated negatively (r = −0.63, P < 0.001), whereas the total SCFA was positively correlated with total gas volume (r = 0.95, P < 0.001). Fractional rate of degradation was positively correlated with NPA of glucose and GLP-1 (r = 0.96, P < 0.001) and negatively correlated with in vivo NPA of insulin (r = −0.96, P < 0.001).
In the plot of PC analysis (Fig. 2) , total gas, total SCFA, acetate proportion, insulin, and insoluble fiber were closely associated in a cluster that was positively related with butyrate (small angle among variables), which, in turn, was negatively related (angle close to 180°among variables) with viscosity and total fiber content. The BCFA, GLP-1, NPA of glucose, and fractional rate of degradation were closely related with soluble fiber in a cluster, and had a strong negative relation with the lag time and half time of total gas production.
The present study used an in vitro model to study the effects of physico-chemical properties of purified fiber sources on fermentation characteristics in the large intestine of pigs. This model was effective and efficient for evaluating fermentation characteristics of DF in the large intestine of the pig (Jha et al. 2011a ). We did not add initial steps mimicking enzymatic gastric and small intestine digestion. We assumed that any undigested purified fiber at the distal small intestine is similar as purified fiber sources entering the large intestine, because purified fibers are not digested by endogenous enzymes (Jha and Berrocoso 2015) . As indicator of fermentation, cumulative gas production and SCFA content provided similar indications about fermentability of the fiber sources.
In the present study, differences in fermentation kinetics variables and total gas production among fiber Note: Within a row, values without a common lowercased letter differ (P < 0.05). BCFA, branched-chain fatty acid (sum of isobutyrate and isovalerate); CEL, cellulose; CMC, carboxymethyl cellulose; HBG, high fermentable, high viscous oat β-glucan 2; LBG, high fermentable, low viscous oat β-glucan 1.
a SEM, standard error of the mean; number of observations for each substrate = 12. ) in pigs sequentially consuming the four fiber diets (semi-dashed arrows) of the first two PC (PC 1 and PC 2). Angles between lines describe associations: the length, direction, and angle between arrows indicates the relationship between variables or between variables and PC axes (e.g., α = 0°and r = 1; α = 90°and r = 0; and α = 180°and r = −1). Percentages on x and y axes indicate proportions of variability of data that are described with the corresponding PC in the model. sources could be attributed to their physico-chemical characteristics. Fermentation kinetics of gas production indicated that CMC was, by far, the least fermentable substrate. Normally, high viscosity indicates that fiber is readily fermentable (Roberfroid 1993 ). However, HBG had similar viscosity as CMC, yet HBG produced more gas than CMC indicating that fermentation characteristics are a function of multiple physico-chemical characteristics of fermentative substrates. Interaction of viscosity and fermentability will modify digesta viscosity and thereby affect fermentation responses (Hooda 2010) . For CMC, extensive substitution on the cellulose chain with carboxymethyl groups may limit the ability of products of CMC hydrolysis to serve as fermentable substrates (Miller et al. 1960) . Instead, CEL started to ferment later and slowly, but exceeded other fiber sources in total gas production after 72 h similar to our previous finding (Jha et al. 2011b ). Interestingly, the observation for CEL was made in two labs that collected feces from different swine herds. The mechanism is unclear and might be related to adaptation of the microbiota or prolonged survival of a small population of microbes that can thrive on CEL. However, our observations contrast the reported very low adaptation of the human gut microbiota to ferment cellulose, although cellulose is present in various human food products (Ehle et al. 1982) . Although cellulose fermentation has been low in some studies with pig feces (Mikkelsen et al. 2010) , the greater cellulose fermentation using pig than human feces might be due to pig microbiota containing more cellulolytic bacteria than human microbiota (Varel and Yen 1997) , indicating that fiber fermentation is typically affected by their fiber types and composition.
Fermentation metabolites varied widely among fiber sources studied, a range that can be attributed to their physico-chemical composition (Jha et al. 2011a ). The high butyrate yielding β-glucan can be useful to modulate intestinal health as butyrate is the principal oxidative fuel for colonocytes and induces growth of the colonic epithelium, colonocyte differentiation, and improvement of immune-system response (Jha and Berrocoso 2015) .
Diets containing different types of fiber affected NPA of glucose and insulin (Hooda 2010) . In the present study, PC analysis indicated that GLP-1 secretion in vivo was positively correlated to solubility of fiber, both related to slow digesta passage rate. Thus, DF is used to increase satiety, which is regulated by gastrointestinal peptides like GLP-1 (Cani et al. 2004 ). The SCFA produced following fiber fermentation influence insulin release through the actions of GLP-1 (Baggio and Drucker 2007) . Whereas SCFA production was not related to proglucagon mRNA in pigs, increased NPA of SCFA from fermentation of high viscous β-glucan was associated with increases in NPA of GLP-1 (Hooda 2010 ). The present study associated increased plasma GLP-1 with increased in vitro production of SCFA.
Physico-chemical characteristics such as viscosity and fermentability of fiber influence fermentation kinetics and production of gas and metabolites. Although not part of the present study, DF sources with unique fermentation profiles will alter the gut microbiota (Jha and Berrocoso 2015) . By linking data between in vitro and in vivo studies, the in vitro model can accurately predict fermentation kinetics and metabolite production, and even some metabolic responses. By combining fermentability with kinetics data, diets can be designed to stimulate desirable fermentation along the entire digestive tract.
